20 Gene duplication is an important driver for the evolution of new genes and protein 21 functions. Duplication of DNA-dependent RNA polymerase (Pol) II subunits within plants 22 led to the emergence of RNA Pol IV and V complexes, each of which possess unique 23 functions necessary for RNA-directed DNA Methylation. Comprehensive identification of 24 Pol V subunit orthologs across the monocot radiation revealed a duplication of the 25 largest two subunits within the grasses (Poaceae), including critical cereal crops. These 26 paralogous Pol subunits display sequence conservation within catalytic domains, but 27 their carboxy terminal domains differ in length and character of the Ago-binding 28 platform, suggesting unique functional interactions. Phylogenetic analysis of the 29 catalytic region indicates positive selection on one paralog following duplication, 30 consistent with retention via neofunctionalization. Positive selection on residue pairs 31 that are predicted to interact between subunits suggests that paralogous subunits have 32 evolved specific assembly partners. Additional Pol subunits as well as Pol-interacting 33 proteins also possess grass-specific paralogs, supporting the hypothesis that a novel 34 Pol complex with distinct function has evolved in the grass family, Poaceae. 35 36 Graphical Abstract 37 38 3
together are sister to the largest Pol II subunit (NRPB1) (Luo and Hall 2007) . The 64 second, fourth, fifth, and seventh subunits have also duplicated and specialized for Pol 65 IV and V at different times during land plant evolution (Tucker et al. 2010; Huang et al. 66 2015) . In addition, the Argonaute-binding platform in the CTD of NRPE1 is evolving 67 more rapidly than other regions of the protein (Trujillo et al. 2016) . 68
Here, we identify retained duplicates of multiple polymerase subunits and 69 polymerase-associated proteins in Poaceae, the family that contains cereal grasses. 70
Phylogenetic analysis of the two largest subunits indicates positive selection for one 71 paralog following the duplication, consistent with retention via neofunctionalization. 72
Analysis of selection at sites of subunit interaction raises the possibility that evolution 73 favored specific polymerase assemblies. The CTDs of paralogous subunits are also 74 characteristically distinct. Together these results suggest that a sixth distinct RNA 75 polymerase complex exists in this critical plant family. 76 77
Materials and Methods 78

Ortholog identification 79
Published NRPE1 ortholog sequences (Trujillo et al. 2016) were retrieved from 80 Phytozome versions 11 and 12 (Goodstein et al. 2012 ). Additional sequences, including 81 homologs of NRPE1, NRPD1, NRPF1, NRPB2, NRPD/E2, NRPB/D5, NRPE5, NRPB9, 82 AGO4, SPT5/SPT5L, and DRD1/CLSY1-like, were obtained through BLAST or 83 TBLASTX queries against whole genome sequences in Phytozome, CoGE ( Phylogenetic analysis of these sequences reveals a single NRPE1 ortholog in non-142
Poaceae monocots and two well-supported clades of NRPE1-like sequences within 143 Poaceae ( Figure 1A ). Ananus comosus (pineapple) in Bromeliaceae, a sister lineage to 144 Poaceae in the order Poales, contains a single NRPE1 ortholog, indicating that 145 duplication of NRPE1 occurred after the divergence of the two families. Conversely, 146
Streptochaeta angustifolia, an early-diverging member of the Poaceae, has two NRPE1-147 like sequences, indicating the duplication occurred in an early ancestor of extant 148 grasses. We have designated the paralog along the longer branch as NRPF1. 149 NRPE1 and NRPF1 copies were recovered from every Poaceae genome we 150 assessed, with the exception of Z. mays, which lacks a full-length NRPF1 ( Figure 1A) . A 151 NRPF1 homolog is present in the genome, but it appears to be a pseudogene in all Z. 152 mays varieties we analyzed (B73, PH207, CML247, and B104), possibly due to 153 8 insertion of a transposon within the coding sequence (Supplemental Figure 1 ). Analysis 154 of teosinte (Zea mays ssp parviglumis), the wild progenitor of cultivated Z. mays, 155 revealed that this pseudogenization occurred prior to domestication. It is not clear why 156 Z. mays has lost NRPF1, since retention of this gene in every other grass genome we 157 assessed indicates that these paralogs are not redundant. 158
In addition to NRPE1, Pol V is distinguished from Pol II by the smaller subunits 159 NRPD2/E2, NRPD4/E4, NRPE5, and NRPD7/E7. We therefore determined if these 160 subunits are also duplicated within Poaceae. We found no evidence of duplication for 161 NRPD4/E4, NRPE5, or NRPD7/E7, however the second largest subunit, NRPD2/E2, 162 which is shared by RNA Pol IV and V, has also duplicated within monocots ( Figure 1B) . 163
A single copy of NRPD2/E2 is present in A. comosus but two well-supported clades 164 of Poaceae specific orthologs exist. As with the largest subunit, the clade with the 165 longer branch has been designated as NRPF2. It is clear that the NRPD2/E2 duplication 166 occurred early in Poaceae diversification, however whether this duplication was 167 simultaneous or subsequent to the NRPE1 duplication is not clear. One NRPD2/E2 168 paralog was identified in S. angustifolia, and this is sister to all other grass NRPD2/E2 169 sequences, suggesting that NRPF2 might have been lost in S. angustifolia. However, it 170 is also possible that S. angustifolia diverged from other grasses prior to duplication 171 giving rise to the NRPD2/E2 and NRPF2 paralogs since support for the placement of 172 the single S. angustifolia NRPD2/E2 homolog is weak. The branch-sites test identified 12 codons with a high likelihood of being under 222 11 positive selection on the branch leading to NRPF1 and numerous additional sites when 223 all branches of the clade are evaluated. (Figure 3A , Supplemental Table 4 ). Similarly, 224
the NRPF2 branch has 9 sites predicted to be under positive selection immediately 225 following the duplication, and 59 sites across the whole clade ( Figure 3B , Supplemental 226 Table 5 ). Indels also exist between NRPE1 and NRPF1 orthologs, suggesting that 227 structural differences were also selected following duplication (Supplemental Figure 3) . 228
Only two sites were identified as under positive selection for NRPE1 and no sites for Most sites predicted to be under positive selection were located on the surface of 245 12 subunits or at interaction faces with other polymerase subunits, suggesting that the 246 substitutions do not impact the overall structure of the subunits, but might impact 247 assembly of the holoenzyme ( Supplemental Tables 4-5 ). In one case, residues under 248 selection in NRPF1 and NRPF2 are predicted to interact, suggesting that they might be 249 compensatory, and selection may have acted to restrict the number of possible 250 holoenzyme assemblies ( Figure 3D ). Specific assembly of Pol subunits would indicate 251 that not only are the paralogous subunits functionally non-redundant, they assemble 252 into a unique polymerase complex, a Pol VI. 253
Based on the position of selected sites on the structure model, we hypothesized 254 additional duplications of smaller subunits. Six selected sites are in the region that 255 interacts with the fifth subunit ( Figure 3E Figure 8 ). We discovered DRD1L and CLSY5 copies only in Poaceae species, though 303 DRD1 and CLSY trees suggest the duplication predates the evolution of the grasses. 304
We take the current placement as a preliminary assessment in need of more data from 305 additional species to more fully resolve these gene tree topologies. Whether one or both 306 helicases are required for transcription by a grass-specific Pol VI remains to be 307 determined. 308 DRD1 interacts with RDM1 and DMS3 to form the DDR complex, which is required 309 for RdDM (Law et al. 2010) . We identified only a single copy of RDM1 and DMS3 in 310
Poaceae, further demonstrating that many components of Pol V machinery remain in 311 single copy, while specific components of Pol VI and Pol V duplicated in grasses. The Figure 3DE ), suggesting that in addition to selection for unique 328 activity, there might have been selection for faithful assembly of subunits into unique 329 complexes . This idea is supported by biochemical evidence from 330 Z. mays, in which NRPD/E2 and NRPF2 display differential association with NRPD1 331 (Haag et al. 2014 ). However, pseudogenization of NRPF1 in Z. mays makes this 332 species a poor representative for other grasses and further validation of Pol subunit 333 associations is required in a different grass species. The signature of selection at 334 predicted interacting sites, as well as the coordinated duplication of multiple subunits, 335 leads us to hypothesize that not only do NRPF1 and NRPF2 encode novel functions, 336 but that they assemble into a unique polymerase complex, Pol VI. 337
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We identified duplications of many Pol V subunits and interacting proteins, but we 338 also found duplications of proteins that are not specific to Pol V. For example, we 339 detected duplication of NRPB/D5, but not NRPE5 ( Figure S3) . Similarly, the Pol V-340 specific transcription elongation factor SPT5L is not duplicated, but the paralogous 341 SPT5, which interacts with Pol II and Pol IV, occurs in multiple copies ( Figure S6) . 
